Absfract-A method of compensating for the inherent temperature sensitivity of surface-acoustic-wave (SAW) oscillators is described. Results for a 300-MHz digitally compensated SAW oscillator (DCSO) show a reduction o f temperature-induced frequency variation from &l25 parts per million to f 1.4 parts per million over the temperature range of -23 to 75°C. This is accomplished using simple digital circuitry and microprocessor control. The temperature-sensing scheme, employing a SAW structure with two delay paths of different temperature sensitivity on the same AT-cut quartz substrate, virtually eliminates thermal resistance and time-constant problems. Advantages over ovenized systems inchde very fast warmup; reduced size, weight, and power dissipation; low cost potential; and the ability to compensate for other sources of frequency drift.
INTRODUCTION T
HE generation of precise frequencies by means of crystal-controlled oscillators is an important electronics function. Surface-acoustic-wave (SAW) oscillators represent a particularly cost-effective implementation of this function for two reasons: 1) SAW devices are highly suited for mass production using photolithographic techniques, and 2) SAW devices operating directly at frequencies of 100 to 2000 MHz do not require the multipliers, filters, and amplifiers necessary with bulk-mode devices.
One problem associated with both bulk and SAW oscillators is that of maintaining frequency stability over a wide temperature range. This is due to the inherent temperature sensitivity of the crystal element. A number of techniques that reduce or compensate for this temperature dependence have been demonstrated [ l] - [7] , but many require thermistors or thermocouples in close proximity to the crystal in order to sense temperature. Associated with the use of thermocouples and thermistors are unavoidable thermal resistance and time constant problems.
To overcome these problems a novel digitally compensated SAW oscillator (DCSO) that employs the crystal itself as a temperature sensing element was devised
[g], [9] . The original DCSO operating at 100-MHz displayed frequency stability of +2.6 parts per million (PPM) over a temperature range of -13 to 97°C. This paper describes an extension of the original DCSO work to 300 MHz with an improved result of k 1. 4 PPM frequency stability over the range of -23 to 75°C. DCSO CONCEPT A simplified block diagram at the overall DCSO system in its operating configpration is shown in Fig. 1 feature of the DCSO is a unique SAW device that has two crossing delay paths on the same substrate. The "clock" SAW path is aligned along a crystal axis that has traditional low temperature sensitivity. The clock delay path and a digitally controlled analog phaseshifter serve as elements in the feedback loop along with an amplifier to create a tunable oscillator which provides the desired RF output. A second delay path aligned with a SAW orientation having high temperature sensitivity crosses the clock path. The "thermometer" loop oscillator provides an extremely accurate measure of temperature through its frequency of oscillation. Because both delay paths share the same crystal surface, thermal resistance and time constant problems are minimized. An advantage of the SAW device over the analogous bulk technique [4] is that the two paths are both electrically and spatially separate. More detail on selection of DCSO substrates is provided below.
Because the output of the clock loop is held stable throughout the DCSO operating range it can be digitally divided to provide a constant gate signal for the counter.
The counter monitors the output of the thermometer loop oscillator and thus provides a digitally compatible indication of the crystal's temperature. This temperature count (T-count) can be used in either of two ways depending on the operating mode of the DCSO. In the EPROM mode the T-count serves as an address to access a phaseshifter control word previously stored in memory. In the intelligent DCSO mode the T-count is used as the independent variable in an equation preprogrammed in the microprocessor which generates the proper phaseshift control word. Both operating modes require calibration that consists of cycling the DCSO over temperature and recording the phaseshift values required to maintain the desired RF output frequency.
Due to the intentional difference in the temperature coefficients of the two delay paths, system convergence is assured. Note the simplicity of the system. The clock frequency is directly available as an output; no further manipulation or frequency synthesis is required. Theoretically the DCSO takes several cycles to converge to the desired frequency, but in comparison to ovenized systems, DCSO warm-up is virtually instantaneous.
DCSO SUBSTRATE ORIENTATIONS Successful implementation of a DCSO device requires a SAW substrate with specific properties. Substrate orientations with suitable temperature coefficients must exist with the clock and thermometer paths at an appropriate angle. The angle between the two paths must be small to minimize thermal differences between the paths but large U.S. Government work not protected by U.S. Copyright. Although not essential, it is helpful if both paths have zero powerflow angles [ 121; that is, they are pure mode axes. The clock orientation should possess, at a minimum, a zero first-order temperature coefficient of delay [ 121 within the temperature range of interest. Conversely, the thermometer orientation should have as high a temperature coefficient of delay as possible to maximize its temperature sensitivity and insure rapid convergence of the control loop, but this need not be linear due to the digital feedback of the DCSO approach.
A large number of SAW substrates that meet the above criteria are known. SAW orientations and properties for common quartz cuts, namely AT, ST, and WC, [ 131-[ 151 are summarized in Table I . WC denotes a family of SAW cuts proposed by Williams and Cho. The STand WC clock orientations were computed for free-surface room-temperature turnover. For our delay-line parameters, turnover for the AT-quartz clock orientation occurred at approximately 66°C. After selecting a DCSO substrate, the delay lines can be designed using standard SAW oscillator techniques [ 161. Both the original 100-MHz DCSO and current 300-MHz DCSO devices were fabricated on ATcut quartz. FABRICATION A N D PACKAGING SAW devices for the DCSO were fabricated both inhouse and by an outside vendor [ 171. Although fabricated photolithographically using the same photomask, the specific procedures and packaging differed considerably. The in-house DCSO devices were fabricated using routine deposition and lift-off techniques [ 181 and then placed in large bolted-together, metal O-ring sealed, stainless-steel packages. To reduce packaging-induced stresses the SAW crystal rested in a cutout, held in place only by gravity. Variable tuning inductors were expoxied into the package with one lead serving as a feedthrough to the SAW cavity. Precautions taken to insure cleanliness included alcoholvapor degreasing and high-temperature bakeout under vacuum. The SAW cavity was then backfilled with very pure dry nitrogen before sealing via a crimp tube. The inhouse package is limited to purely experimental use due to its size, weight, and the floating SAW device, which precludes tipping.
In an effort to obtain an especially low-aging SAW, an outside vendor was contracted. In addition to using a more practical packaging technique the vendor [l71 made special efforts to minimize some of the potentially dominant SAW aging mechanisms: metal-film stress relaxation, crystal stress relaxation, and adsorptionidesorption of contaminants [19] . Proper deposition parameters to reduce metal-film stress relaxation were determined experimentally. Shelf-aged thick-crystal substrates were used to minimize the effects of crystal stress relaxation. Adsorption and desorption of contaminants were minimized by employing a high vacuum bakeout and cold-weld sealing while still under vacuum. SAWs made using those techniques have exhibited aging of less than 1 PPM per year [20] . Fig. 2 shows a vendor-fabricated and packaged DCSO device with the cover removed by milling. The crystal substrate is held in place only by spring clips to reduce stresses caused by the differing thermal coefficients of expansion of the package and crystal. The copper caps, which are visible in the photograph, are soldered to the trimmed pins of the package for ease of wire bonding. For further reduction in aging it may be desirable to eliminate these caps.
A simple test fixture with tuning inductors was developed to allow testing and use of the vendor-packaged SAWs in the DCSO. Prior to operation of either the inhouse or vendor-produced SAWs in the DCSO, each transducer was tuned for minimum insertion loss using a network analyzer. Since it is necessary to drive the loop amplifiers 3 dB into saturation, the minimization of insertion loss of the delay lines reduces the required amplifier gain.
CALIBRATION
A block diagram of the calibration setup is shown in Fig. 3 . Calibration is monitored and controlled by an 8-bit microprocessor-based computer. Hardware interfaces allow the computer to monitor crystal temperature, via both T-count and a thermocouple in close proximity to the SAW device, and output or clock frequency (C-count). The microprocessor controls the phaseshifter in the clock loop, runs the oven, and records the calibration data on a printer.
Calibration is performed by varying the ambient temperature of the DCSO crystal element and recording the phaseshift values required to maintain the desired output frequency. At present only the tuned SAW devices are ovenized; however, the entire DCSO could be ovenized for calibration and testing so that any temperature drift in the loop electronics would be calibrated out. Efforts were made to reduce any drift in the loop electronics by placing temperature-sensitive components, such as the amplifiers and phaseshifter, in small individual ovens; however, this did not yield significant change.
Calibration runs are performed after constant operation of the DCSO for several days in order to achieve some amount of burn-in. Although the recording of phaseshifter values could be accomplished using any one of a variety of procedures, the reported results were obtained using a dynamic calibration in which the oven temperature was constantly increasing. While soaking at about -25°C the phaseshifter is set manually so that the observed RF output frequency is somewhat less than the desired output frequency. The microprocessor then gradually increases the oven temperature while monitoring the output frequency. Whenever the output frequency equals the desired frequency the current phaseshifter control word and temperature are recorded. The phaseshifter control value is then incremented (or decremented after turnover) by a programmed amount. This cycle is repeated until a preset oven temperature is reached. The resultant T-count versus phaseshift values are then processed off-line to generate either an equation or a full set of T-count versus phaseshift control words for use with the 16-bit processor of the operating DCSO.
RESULTS
The following results were obtained with the DCSO operating in the electrically programmable read-only memory (EPROM) mode. Fig. 4 displays the best DCSO results to date together with a typical uncompensated curve. Uncompensated data was obtained by dynamically increasing the oven temperature at approximately O.S"C/min while automatically recording the DCSO output at 1-min intervals. Decreasing temperature data or hysteresis information is not available. Again only the tuned SAW device was ovenized. Without compensation the clock oscillator typically displays greater than k 100 PPM frequency variation over a 100°C range. Compensation reduces the frequency variation to only k 1.4 PPM.
Despite different fabrication procedures, entirely different packaging, and several months between the measurements, Fig. 5 
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idly with temperature, the DCSO output exhibits more jitter than at higher temperatures. Thus centering the turnover in the desired operation range by using, for example,
ST quartz would likely result in better performance. The relatively large frequency excursion of the in-house device at about 15°C was most probably caused by erroneous calibration data and was not observed in other data for the same device. At the higher end of the temperature scale the in-house device displays noticeably rounder peaks. This is undoubtedly due to the significantly larger thermal mass of the in-house package. The similarity in the trends of the two curves is not coincidental and is probably characteristic of the DCSO circuit or the calibration and test setup. CONCLUSION Digital compensation can significantly improve a SAW oscillator's temperature stability. Advantages of the DCSO approach presented here include more accurate temperature sensing, fast warm-up, and reduced size, weight, and power dissipation. The "intelligence" of the DCSO microprocessor can potentially be exploited to compensate for hysteresis [ 1 l], aging [ 101, and to provide multiple output frequencies with low-temperature sensitivity. Adequate tuning range for multiple frequencies is available from the existing clock loop phaseshifter, however multiple calibrations would be required to incorporate the additional variables into the microprocessor algorithm. Through use of large-scale integrated-circuit and monolithic microwave integrated-circuit techniques the entire DCSO could be reduced to a very small size. Full automation of the calibration and test procedures would permit low-cost volume production.
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